In phylogenetic reconstruction, two types of bacterial tyrosyl-tRNA synthetases (TyrRS) form distinct clades with many bacterial phyla represented in both clades. Very few taxa possess both forms, and maximum likelihood analysis of the distribution of TyrRS types suggests horizontal gene transfer (HGT), rather than an ancient duplication followed by differential gene loss, as the contributor to the evolutionary history of TyrRS in bacteria. However, for each TyrRS type, phylogenetic reconstruction yields phylogenies similar to the ribosomal phylogeny, revealing that frequent gene transfer has not destroyed the expected phylogeny; rather, the expected phylogenetic signal was reinforced or even created by HGT. We show that biased HGT can mimic patterns created through shared ancestry by in silico simulation. Furthermore, in cases where genomic synteny is sufficient to allow comparisons of relative gene positions, both tyrRS types occupy equivalent positions in closely related genomes, rejecting the loss hypothesis. Although the two types of bacterial TyrRS are only distantly related and only rarely coexist in a single genome, they have many features in common with alleles that are swapped between related lineages. We propose to label these functionally similar homologs as homeoalleles. We conclude that the observed phylogenetic pattern reflects both vertical inheritance and biased HGT and that the signal caused by common organismal descent is difficult to distinguish from the signal due to biased gene transfer.
aminoacyl tRNA synthetase | bacteria | evolution | horizontal gene transfer | lateral gene transfer A s a consequence of horizontal gene transfer (HGT), organisms harbor genes that have undergone different evolutionary routes, and therefore, the history of a gene can significantly differ from the history of the organism itself (1, 2) . The transferred genes may be novel to the recipient, or they may be homologous to genes already existing in the recipient. In the latter case, the transferred gene can be added to the recipient genome or replaced through recombination or differential loss after a temporary period of coexistence.
There is controversy about how much impact HGT has on our ability to reconstruct the evolutionary history of organisms. Some believe that, although HGT does occur, it may be of small consequence compared with other mechanisms of evolution and that other possibilities exist to explain the observed discrepancies in tree topologies (3) . Others have pointed out that HGT itself can create phylogenetically informative characters (4) .
HGT can result in dramatic discordance [e.g., the Prochlorococcus threonyl-tRNA synthetase (TyrRS) groups with γ-proteobacterial homologs (5) and the TyrRS from opisthoconts groups with Haloarcula (6)]. Such transfers between divergent species* (7) may be draped over a phylogenetic backbone of vertical descent (8, 9) and do not necessarily affect the resolution attainable for a tree-like vertical inheritance-based process of organismal evolution.
In studying genome evolution, conflicting genes often are excluded from the analysis (10, 11) , or a consensus signal or central tendency (12, 13) is extracted from multiple gene trees. The resulting tree often is considered a reflection of organismal phylogeny. However, in the case of the extremely thermophilic bacteria, it has become obvious that an averaging approach is problematic. Judged by the majority of their genes, the Aquificales group with the ε-proteobacteria (14) and the Thermotogales group among the Clostridia (15), it is only the ribosomal components (RNA and proteins) that group the Thermotogales and Aquificales together at the base of the Bacteria. Because ribosomes are not known or expected to be transferred between divergent species (16), the close and often deep branching of Aquificales and Thermotogales frequently is considered to reflect organismal history (14, 15, 17) . If this is true, then the majority of the genes and their phylogenetic signal reflect highways of gene sharing (18) .
A more fundamental challenge to reconstructing a genomebased tree of life is the suggestion that gene transfer itself may create a signal that mimics the relationships created through vertical inheritance. In its extreme formulation, this hypothesis states that we consider organisms as related because they frequently exchange genes and not because the more similar genomes reflect a more recent organismal ancestry (2, 19) . The analyses of the extremely thermophilic bacterial genomes support the notion that, over time, HGT can erode the vertical signal; however, the Aquificales and Thermotogales might be considered extreme cases, and even in their case, careful analysis may still allow the reconstruction of the reticulated phylogeny of these groups consisting of a ribosomal backbone and several highways of gene sharing (14, 15, 17) . At present, the extent to which phylogenetic patterns are caused by biased gene transfer or recent shared ancestry remains unresolved. In many instances, a signal because of HGT will likely reinforce the similarity caused by shared ancestry.
In this study, we reconstructed the phylogeny of TyrRS homologs from a broad sampling of taxa in the bacterial domain and found a topology with two deep clades that contrasted markedly to that of the 16S rRNA phylogeny of the same organisms. Our analyses support vertical inheritance modulated by HGT between closely related organisms as a likely hypothesis to explain the unusual pattern in the TyrRS phylogeny. Our findings negate the notion that HGT events are indiscriminate and tend to obscure prokaryotic organismal phylogeny; rather, the observed phylogenetic central tendency observed in genome analyses seems to be caused by two processes: shared ancestry and biased HGT. 
Results
Phylogeny of Bacterial TyrRS. TyrRSs are aminoacyl-tRNA synthetases (aaRS) that catalyze the attachment of tRNA with its cognate amino acid (tyrosine). We generated a maximum likelihood phylogenetic tree based on aligned bacterial amino acid TyrRS sequences sampled to include representatives from all major bacterial groups and used archaeal homologs as an outgroup ( Fig. 1 and Table S1 ). Similar to earlier analyses (20) , we detect two types of this enzyme in Bacteria that we refer to as types A and B, each forming a well-supported distinct clade. These two types seem to have evolved early in or before the deepest divergence between extant Bacteria. Inclusion of divergent outgroup sequences, together with both types of bacterial TyrRS in a single analysis, lowers the resolution and may make the analysis susceptible to systematic artifacts. We, therefore, also analyzed the phylogeny of each bacterial TyrRS type separately (Fig. S1 ). Although many bacterial phyla (Spirochaetes, Firmicutes, Planctomycetes, Bacteroidetes, Verrucomicrobia, Actinobacteria, and δ-, γ-, and β-proteobacteria) are represented in both clades, in our analysis of 142 bacterial genomes, only three carry both types. For each of the two TyrRS groups (Fig. 1) , phylogenetic reconstruction resulted in trees similar to the ribosomal tree (Fig. 2) . For each clade of bacterial TyrRS, the different Proteobacteria group together, and the Firmicutes constitute deeper branching lineages. Although the affiliation of members of a particular phylum does not exactly match that of the ribosomal tree, the overall phylogenetic structure for each bacterial TyrRS type is similar at the class and phylum levels. A few exceptions, such as the clustering of Pseudomonas aeruginosa (γ-proteobacteria) with the rest of the α-proteobacteria and Desulfuromonas acetoxidans Fig. 1 . Bacterial taxa with a type A TyrRS are shown having green branches, bacterial taxa with a type B TyrRS are shown having red branches, and bacterial taxa for those taxa carrying both types are shown having blue branches. The tree is rooted using the sequences from Aeropyrum pernix and Methanococcus maripaludis as outgroup (black branches). The tree was calculated using PhyML using the Hasegawa, Kishino, and Yano model. Deeper branches are colored under the assumption that the last common ancestor of the Bacteria has both types, and the observed distribution is explained only through gene loss. Fifty-nine independent gene-loss events are needed to explain the data through differential gene loss. Colored blocks represent different phyla corresponding to those found in Fig. 1 .
(δ-proteobacteria) with Bacteroidetes in the type A clade, do occur, which one would expect for rare interphylum transfers.
Similarity of Phylogenetic Patterns Between TyrRS and 16S rRNA. To assess the agreement in phylogeny for each TyrRS type with the 16S rRNA, we plotted the pairwise distances in TyrRS sequence against their corresponding distances in 16S rRNA for each pair of taxa (Fig. 3A) . These types of plots have been previously used to detect gene transfers (21) (22) (23) . However, in this study, we did not use this approach to show HGT but to illustrate the correlation between each of the two TyrRS clades and the 16S rRNA tree. We show that positive correlation exists, despite the occurrence of gene transfer, and that there is no obvious trace of HGT that can be detected by this method, because the transfers occur between taxa with close phylogenetic affinity.
Within each TyrRS type, the distances between pairs of TyrRS orthologs and the corresponding 16S rRNA gene pairs show a strong correlation (Fig. 3A) [R 2 = 0.89 and P < 2.2 × 10 −16 for type A (plotted in green) and R 2 = 0.93 and P < 2.2 × 10 −16 for type B (plotted in red); R 2 is the square of the correlation coefficient). Within each of the two TyrRS clades, evolution is similar to the expected ribosomal phylogeny, although closely related bacteria can be found in the two different TyrRS clades and only rarely does an organism encode both types in its genome.
The distances between the two TyrRS types do not correlate to the corresponding 16S rRNA distances (in blue). Each type, when considered alone (Fig. S1 ), behaves as expected for a gene passed on through vertical inheritance. Only when both types are considered does a strong conflict with the organismal phylogeny, as inferred from the 16S rRNA sequences, become apparent.
HGT Versus Gene Loss only. Our explanation to account for the recovery of the expected organismal phylogeny from each TyrRS type is that these genes were transferred mainly within major bacterial groups with a transfer bias to partners more closely related as judged by the ribosomal RNA phylogeny. In this setting, a lineage can gain and lose genes as it continues to swap genetic material with other organisms. The alternative scenario is that the two types were present in the last common ancestor of the bacterial domain and were differentially lost across lineages. This latter scenario implies the stable coexistence of the two TyrRS types over long periods of time followed by late gene-loss events (i.e., losses occurred after the divergence of the different bacterial phyla). In the case of the genus Pseudomonas, in which some genomes carry both types and some only have type B (SI Discussion), losses of type A would have had to occur extremely late in evolution, after the divergence of the genus Pseudomonas (see SI Discussion). If we were to assume that the ancestral organism carried both types of this enzyme and map the presence of each type on the 16S rRNA phylogenetic tree, a minimum of 59 independent recent gene-loss events will have to have occurred over time (Fig. 2) . Assuming similar selection acted on the tyrRS genes throughout bacterial evolution, it seems unlikely that two TyrRS types frequently co-occurred and persisted in the same organism, whereas today, only very few organisms carry genes for both. In contrast to this expectation, the gene loss only scenario requires that the two TyrRS types frequently co-occurred and have been maintained in the same organism for a long period.
To provide a quantitative test for these two scenarios, we tested their fit to the observed data using a probabilistic model of evolution from the program LGT3State (24) that estimates the transition probabilities among the three possible TyrRS states and calculates the maximum log-likelihood values for each scenario. The LGT3State model has four parameters that give the rates of gain and loss of each TyrRS type. The probabilities of gene-loss and gene-gain events are not necessarily equal, and a scaling factor relates edge lengths in the tree to gain/loss events (24) . Both gene losses and gains of the alternative gene can occur (i.e., a genome carrying a tyrRS type B can gain a type A and vice versa, resulting in a genome with both types A and B present and from which one tyrRS type may eventually be lost). The null model states that HGT does not occur in the evolution of the tyrRS genes and only gene-loss events can explain the distribution patterns of types A and B in the bacterial domain (i.e., this model corresponds to the previous one but with the rates for gain set to 0). The null model implies that the bacterial ancestor carried both types of TyrRS. We obtained a maximum loglikelihood value of −101.8 for the null model and −88.7 for the HGT model. Using parametric bootstrap as implemented in
LGT3State (24), we generated 1,000 datasets under the null model. The log-likelihood values obtained for all 1,000 datasets under the HGT model, ranging from −89.7 to −111.8, were lower than those for the original dataset. We, therefore, can reject the null model (ancient gene duplication followed by gene loss only) with a significance level of P < 0.001. These results suggest that a combination of gene loss and gene gain through HGT occurred in the evolution of the bacterial tyrRS genes.
If we were to assume that the common ancestor of the Bacterial domain carried only the TyrRS type A, there would have been a total of 39 transitions to the type B or to the presence of both A and B (determined from Fig. 2) . A total of 26 transitions can explain the present taxonomic distribution if the common ancestor had carried only the B type.
The number of extant bacteria in our analysis that carry two copies of the gene is small (3 of 142 genomes selected to provide a wide phylogenetic sampling of the bacterial domain), whereas all others have one copy or the other (Fig. 1) . Of the more than 1,000 bacterial genomes available on the National Center for Biotechnology Information (NCBI) database, only 30 species were found to carry both types of tyrRS. The acquisition of a second tyrRS gene may temporarily render a selective benefit to the organism. However, over long periods of time, the second copy may become redundant, and one of the copies may be lost without detrimental effect to the organism (Table S2 ) (SI Discussion provides information on the preservation of the two types of tyrRS genes in a genome).
HGT Between Close Relatives Inferred from Phylogenetic Incongruity.
We observed that small, well-resolved clades in the TyrRS tree are broken up in the 16S rRNA tree across bipartitions with high bootstrap support. These phylogenetic conflicts are suggestive of HGT between close relatives. For example, the six-genome clade encompassing Xylella fastidiosa to Halorhodospira halophila in the TyrRS tree ( Fig. 1) is separated by well-supported bipartitions in the 16S rRNA tree (Fig. 2) . In the same vein, Marinomonas sp., Cellvibrio japonicus, Aliivibrio salmonicida, and Psychromonas sp. carrying type A cluster together in the TyrRS tree (Fig. 1) , but this group is broken up in the ribosomal tree (Fig. 2) . The Firmicutes showed a similar pattern with Natranaerobius thermophilus, Clostridium difficile, and Desulfitobacterium hafniense carrying type B clustering together in the TyrRS tree ( Fig. 1) but dispersing in the 16S rRNA tree (Fig. 2) . Our finding of the involvement of HGT in the evolution of bacterial TyrRS does not exclude vertical inheritance, but it implies that vertical inheritance alone cannot explain the observed TyrRS patterns because of the overall incongruity with the rRNA tree.
The identity of the exchange partners can be inferred by looking at the ribosomal tree that shows the mapping of the two types of TyrRS (Fig. 2) . Within the γ-proteobacteria, for example, A. salmonicida and Photobacterium profundum share a most recent common ancestor based on the 16S rRNA tree (Fig. 2) . However, each carries a different TyrRS type. Based on the distribution of the two TyrRS on the 16S rRNA tree, it is possible that P. profundum has acquired its TyrRS type B from a closely related clade that includes Mannheimia succiniciproducens. The members of this group all carry a type B enzyme and are located close to P. profundum (Fig. 2) . In the same way, A. salmonicida may have obtained its TyrRS type A from any one of the neighboring taxa that possessed the same type of synthetase (Fig. 2) .
These examples illustrate that exchange bias between close relatives maintains the large-scale similarity between each clade of TyrRS and the 16S rRNA tree; however, at a smaller scale like in the case of the γ-proteobacteria, topological conflicts with the 16S rRNA tree can be observed. These differences in branching patterns within the group result from gene transfer that takes place among members of that assemblage. However, as long as the individuals continue to swap genes, the group as a whole will persist over time because of the higher levels of gene transfer within each group than between groups. Then, this biased HGT acts as a homogenizing force that provides long-term constancy to prokaryotic groups.
Characteristics of the Genomic Neighborhood of tyrRS in γ-proteobacteria.
Observation of the gene order (Fig. 3B) within the genomic vicinity of tyrRS in several γ-proteobacterial genomes reveals similar neighboring gene identity and order for both tyrRS types A and B. In several different genomes, either tyrRS type was found among anmK, argC, 16S rRNA, and 23S rRNA. For example, Marinomonas sp., C. japonicus, and Psychromonas sp. have the tyrRS type A, whereas Marinobacter aquaeolei, Chromohalobacter salexigens, Hahella chejuensis, and Pseudomonas aeroginosa have the tyrRS type B; in all cases, the surrounding genes show a high degree of synteny. The similarities in tyrRS gene neighborhood but differences in tyrRS type imply that the integration of the transferred tyrRS occurred by homologous recombination. Although the two tyrRS types have low identity, homologous replacement with breakpoints in the neighboring genes may have facilitated the switching between tyrRS types. P. aeruginosa also carries tyrRS type A, but the genomic neighborhood of this gene does not show synteny with that of the tyrRS type A of other closely related taxa. The α-proteobacteria may have been the donor of this additional tyrRS gene in P. aeruginosa, because they group closely in Fig. 1 and would be a rare example of an interphylum transfer.
The finding of similar tyrRS gene neighborhoods in close relatives carrying either type A or type B provides evidence for the replacement of one form of tyrRS with another form. Significantly, this rejects the differential loss hypothesis for these organisms. If the last common bacterial ancestor possessed both types of enzymes, we would expect the genes coding for each type of tyrRS to possess dissimilar genes flanking them. It was not possible to test this hypothesis between more divergent organisms because of a loss of genomic synteny.
Biased HGT Can Maintain Patterns of Shared Ancestry. According to our hypothesis, the 16S rRNA-like phylogeny within each TyrRS clade has been maintained by vertical inheritance and biased tyrRS transfers. If gene transfer events were unbiased, we would expect a departure from the 16S rRNA-like taxon distribution (i.e., a decrease in correlation between each of the two TyrRS types and their corresponding 16S rRNA distances). To test this prediction, we simulated biased and unbiased recent HGT events on the TyrRS phylogeny inferred from the observed data. Using the TyrRS evolutionary distances, 50 unbiased HGT events were simulated by randomly selecting pairs of species and sequentially swapping them. This approach assumes the same evolutionary history that gave rise to the real data, but it adds recent additional transfer events that are approximated as exchanges between randomly selected genomes. These simulations avoid potential artifacts introduced when fitting the distances to a tree model and allow us to test the effects of biased versus unbiased transfers. The R 2 of pairwise evolutionary distances, used above to assess the phylogenetic similarity of each TyrRS clade with that of the 16S rRNA clade, were recalculated after each simulated HGT event. We observed the predicted loss of correlation between each of the two TyrRS types and their corresponding 16S rRNA distances relative to the observed data ( Fig. 3C and Fig. S2 ).
For the subsequent 250 HGT events, a bias in the selection of swapping partners was introduced, weighted in favor of shorter 16S rRNA distances between potential partners. For each type of TyrRS, biased HGT events resulted in an increase in the R 2 of pairwise evolutionary distances ( Fig. 3C and Fig. S2 ). The initial loss in correlation shows that unbiased HGT will destroy the phylogenetic signal originally present. The subsequent biased HGT simulations, beyond the vertical dashed line (Fig. 3C) , show that, when biased by 16S rRNA relatedness, HGT can recreate patterns of vertical descent, represented by an increasing similarity between the ribosomal and TyrRS phylogenies measured as the R 2 . Furthermore, given that each of the 250 simulated biased transfers involves 2 of 142 genomes, the possibility arises that a pattern resembling that of vertical descent could remain even if every tyrRS copy has undergone a transfer at least one time (i.e., none of the lineages might have retained the same copy continuously since the bacterial common ancestor).
Discussion
Evidence for Biased Gene Transfer Between Close Relatives. We have shown three lines of evidence for preferential gene transfer having the potential to create phylogenetic patterns comparable with those generated by shared ancestry. These transfers are characterized by the preference of taxa to exchange genes with partners more similar to themselves rather than rare HGTs that may occur randomly and indiscriminately.
First, phylogenetic reconstruction showed that, from a largescale perspective, each of the two major clades of bacterial TyrRS resembles the 16S rRNA (Figs. 1-3) . However, at a smaller scale (i.e., within some groups below the class level), we observed branching patterns that were in conflict with the 16S rRNA tree. This indicates that there is a higher frequency of gene transfer within than between members of closely related groups. Second, under a maximum likelihood framework, we showed that the HGT model is preferred over the differential loss model based on observed character states and inferred phylogenies (LGT3State) (24) . Third, similar genes were observed flanking the tyrRS types in close relatives, providing evidence for the replacement of one type of tyrRS with another type (Fig. 3B) . This observation rejects the differential loss hypothesis for those organisms.
Furthermore, we showed in silico that biased gene transfer among more closely related partners can maintain patterns created through vertical descent. It is the biased nature of the HGT events we are inferring that causes our contrasting observations. We report both an apparent absence of HGT between higher taxonomic levels across the Bacteria and the presence of multiple HGT events within lower taxonomic levels.
Population Genetic Point of View. In analyzing the evolutionary history of microbial lineages, the principles of population genetics can be applied to higher taxonomic units (25) . A population is an aggregate of freely crossing individuals that possess a common gene pool, which acts as a genetic reservoir that lineages of that population may have access to as they evolve through time. However, because of HGT, the gene pool is not limited to an individual species. Whereas the phylogenetic range over which bacteria can swap genes is far broader than previously imagined, transfers are biased to related organisms (2, 26) .
The two TyrRS enzymes can be seen as variants similar to alleles in a population. Individual lines of descent possess one or the other of these variants, and in rare instances, they can possess both variants. We propose to call these variants homeoalleles. Like alleles, they have the same general function but can have distinct characteristics. The line of descent has access to a gene pool that contains both tyrRS homeoalleles, whereas individual strains and species usually contain only one of the homeoalleles. Genes in the accessible gene pool have different propensities to be swapped into an individual line of decent. The rate of successful transfers may relate to overall similarity because of several reasons: organisms use the same transfer machinery, phages infect both organisms, machineries for transcription and translation are similar and recognize the same controls, and similar signals function in replication and genome organization (26) . The more genes that two-lineages transfer between each other, the more similar that the lineages become and the more frequently that they will continue to exchange genes.
The picture that emerges for the line of descent and the gene pool it can access is of a line representing the history of the genome surrounded by a vapor cloud of genes representing the gene pool. Genes in this cloud can be integrated into the genome, and genes that are lost from the genomes can remain in this cloud. This vapor cloud of genes includes the mobilome (27) as well as the genes present in other genomes. Genes that are close to the genome line are more frequently integrated into the genome, whereas genes at the periphery of the cloud are only infrequently integrated.
The two TyrRS types are so divergent (∼28% identity between the two Pseudomonas TyrRS types) that the possibility of homologous recombination within the TyrRS homeoalleles is unlikely. Consequently, in case of TyrRS homeoalleles, we expect that the unit of successful HGT includes at least the complete tyrRS gene. Then, homeoalleles can be brought together temporarily in a lineage after horizontal transfer, but because of the largely overlapping function, only one of the homeoalleles is likely to survive in a lineage on the long run (SI Discussion provides information on the preservation of the two types of tyrRS genes in a genome).
Previous studies on other aaRS gene families have shown patterns similar to that found in TyrRS (20, 21) . Thus, biased gene transfer may not be restricted only to bacterial TyrRS, and homeoallele transfer may be an important mechanism in microbial evolution. Analyses of other potential homeoalleles will provide insight to the extent of biased transfer and its role as a natural process, in addition to vertical inheritance, in the evolution of lineages.
Cladistics Versus Phenetics. For each type of TyrRS, the observed phylogenetic pattern is created through a combination of vertical inheritance and biased HGT. It is reasonable that similar patterns of gene transfer are followed in other gene families as well (14, 15) . Consequently, the degree of relatedness, as measured by the average phylogenetic signal retained in the genomes, is a function of two processes: the frequency by which organisms swap genes with each other and how long ago they evolved from a common organismal ancestor.
To the extent that an observed phylogenetic signal is caused by biased gene transfer, the resulting signal can be considered a phenetic one. If genes are mainly transferred between closely related organisms, then gene transfer reinforces similarity, regardless of if it is because of shared ancestry or biased HGT.
Most often, biased gene transfer will reinforce similarity because of recent shared ancestry. Thus, instead of eroding the phylogenetic signal retained in a genome, HGT may act to reinforce groups created through vertical descent. However, HGT that is not biased by similarity because of shared ancestry but is biased by other factors, such as overlapping ecological niches, can eventually overwhelm the signal created through shared ancestry (14, 15) . Both HGT and vertical inheritance are natural processes that influence the phylogenetic signal contained in genomes, and thus, groups defined by an averaged phylogenetic signal could be considered natural; however, there is no guarantee that they are only caused by shared organismal ancestry. Consideration of the propensity of individual genes to be horizontally transferred may help to differentiate between the vertical and horizontal signals.
Conclusion and Outlook. In case of bacterial TyrRS, the two homeoalleles can be clearly distinguished. The distribution of these homeoalleles reveals their transfer between related organisms. For gene families without homeoalleles or with homeoalleles that cannot be recognized easily, conflicts between gene and species phylogenies remain the best possibility to infer past HGTs. However, phylogenetic conflicts caused by HGT between close relatives are difficult to distinguish from those caused by lack of resolution, although increased taxon sampling may improve the reliable detection of HGTs in such cases. The best approach to gauge the relative influence of shared ancestry versus biased HGT on the average phylogenetic signal contained in microbial genomes might be the analyses of additional homeoallelecontaining gene families and realistic modeling of the processes that led to the disjunct homeoallele distributions. Such analyses may allow a more confident characterization of lineages with respect to the long-term maintenance of homeoalleles and the character of HGT biases.
Materials and Methods
Protein sequences of TyrRS were retrieved by BLASTP searches of the nonredundant protein database and BLAST microbial genome database from the NCBI website (28) . Sequences were aligned using the MUSCLE algorithm (29) with default parameters. Phylogenetic reconstruction of the TyrRS sequences was performed using PHYML (30) , TREEPUZZLE (31), PUZZLEBOOT v1.03 (32) , and MrBayes version 3.1.2 (33) . The congruence between the TyrRS phylogeny and the 16S rRNA phylogeny within each of the two major clades was assessed by calculating the R 2 of the pairwise evolutionary distances of the two datasets. Scatterplots, statistical analysis, and simulations of HGT events were implemented using the R statistical computing language version 2.9.2 (34) . HGT events were simulated by performing reciprocal swaps of TyrRS sequences between pairs of taxa. A likelihood-based evolutionary simulation for inferring rates of HGT and gene loss was performed using the program LGT3State (24) . To identify genes neighboring the two tyrRS types, genomic synteny among several members of the γ-Proteobacteria was studied by aligning the genomes using the Integrated Microbial Genomes software tool provided by the U.S. Department of Energy Joint Genome Institute (http://img.jgi.doe.gov/cgi-bin/pub/main.cgi; SI Materials and Methods).
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